In this study a description is given of the sequence and analysis of 52 kb from the 1.1 Mb genome of Rickettsia prowazekii, a member of the a-Proteobacteria. An investigation was made of nucleotide frequencies and amino acid composition patterns of 41 coding sequences, distributed in 10 genomic contigs, of which 32 were found to have putative homologues in the public databases. Overall, the coding content of the individual contigs ranged from 59 to 97%, with a mean of 81 %. The genes putatively identified included genes involved in the biosynthesis of nucleotides, macromolecules and cell wall structures as well as citric acid cycle component genes. In addition, a putative identification was made of a member of the regulatory response family of two-component signal transduction systems as well as a gene encoding haemolysin. For one gene, the homologue of met4 an internal stop codon was discovered within a region that is otherwise highly conserved. Comparisons with the genomic structures of Escherichia coli, Haemophilus influenzae and Bacillus subtilis have revealed several atypical gene organization patterns in the R. prowazekii genome. For example, R. prowazekii was found to have a unique arrangement of genes upstream of dnaA in a region that is highly conserved among other microbial genomes and thought t o represent the origin of replication of a primordial replicon. The results presented in this paper support the hypothesis that the R. prowazekii genome is a highly derived genome and provide examples of gene order structures that are unique for the Rickettsia.
INTRODUCTION

Rickettsia prowazekii is a member of the a-
Proteobacteria and is thought to have a particularly close phylogenetic affiliation with the mitochondria (Gray, 1995; Gupta, 1995; Olsen et al., 1994; Viale & Arakaki, 1994) . Within the a-Proteobacteria, genome sizes vary by almost an order of magnitude. At one extreme, we find the Rickettsia with genome sizes in the 1 Mb range (Eremeeva et al., 1993; , and at the other extreme Bradyrhizobium japonicum with a genome size of 8. 7 M b (Kundig et al., 1993) . It is thought that R. prowazekii evolved from an ancestor with a much larger genome (Andersson & Kurland, 1995) . A first survey of the R. prowazekii genome centred on a set of small random fragments representing in aggregate more than 200 kb of sequence data, from which more than 150 genes were identified (Andersson et al., 1996) .
Additional studies have revealed several unusual features of the genomic architecture of R. prowazekii:
First, genes normally present in multiple copies in larger genomes, such as the rRNA genes (rrs and rrl) and the gene encoding elongation factor Tu (tuf), are present in single copies in the genome of R. prowazekii (Andersson et al., 1995; Pang & Winkler, 1993 
Y11777-Y11786.
The EMBL accession numbers for the sequences reported in this paper are 1996). In addition, each of these single COPY genes are 0002-1449 0 1997 SGM Rickettsia spp. As a consequence, several ancient genomic motifs common to other bacteria are absent from this genome (Andersson et al., Syvanen et al., 1996) . Finally, there is a relatively large amount of noncoding sequence that makes up 3 0 4 0 % of the genome (Andersson & Sharp, 1996; Andersson et al., 1996) .
The analysis of genomic fragments carried out to date suggest that non-coding sequences have a G + C content significantly lower on average (ca 22%) than that of coding sequences (ca 32 YO) in R . prowaxekii (Andersson & Sharp, 1996; Andersson et al., 1996) . Accordingly, this genome appears to be a mosaic of relatively high G + C coding sequences scattered in a background of lower G + C non-coding sequences. Furthermore, the biased composition of the previously sequenced genes of R . prowaxekii is reflected in a bias towards codons that are A + T-rich, with the consequence that amino acid sequences in proteins are enriched for the corresponding amino acids (Andersson & Sharp, 1996) .
These previously characterized features of coding sequences in R . prowaxekii have been applied here to new genome sequence data to identify ORFs as genes. The aim of the sequence analysis presented was to serve as a pilot experiment for our systematic large-scale genome sequencing project and to provide information about nucleotide frequencies, sequence similarities, gene organization patterns and coding content of the R . prowaxekii genome.
METHODS
DNA sequencing. Genomic DNA was prepared from the Madrid E strain of Rickettsia prowazekii which was originally isolated in Madrid from a patient who died in 1941 with epidemic typhus. Propagation of R . prowazekii in the yolk sacs of embryonated hen eggs and purification of DNA was according to standard procedures (Winkler, 1976) . Genomic clones were isolated from a library of R . prowazekii constructed in I Zap I1 as described previously (Andersson et al., 1995) . Plasmids were recovered by excision in vivo.
Plasmid DNA was isolated using a Jetstar plasmid maxi kit (Genomed). DNA sequences were determined by doublestranded dideoxy sequencing using modified T7 DNA polymerase (Sequenase) and fluorescently labelled forward and reverse vector primers as well as specific oligomers with fluorescent dATP (Pharmacia). PCR amplification of the metK gene was carried out under standard conditions using 0.5 pg genomic DNA pl-' and 2 pM primers (nt 313-965). The PCR products were purified using the Wizard PCR Preps DNA Purification System (Promega) and they were sequenced by an autocycle sequencing protocol using the Thermo Sequenase Fluorescent Labelled Primer Cycle Sequencing Kit (Amersham). In each reaction 0.1 pg of PCR product and 2pmol fluorescent primer were used. The products of the sequencing reactions were separated and analysed with the aid of an ALF Sequencer (Pharmacia). On average, raw sequence data corresponding to a 2.5-fold coverage on each strand was collected.
Southern blot hybridization.
As hybridization probe, we used 100ng of R. prowazekii metK PCR product prepared as described above. Labelling of the PCR product with horseradish peroxidase, Southern blot hybridization and detection using chemiluminescence were performed using the ECL direct nucleic acid labelling and detection system according to the instructions of the manufacturer (Amersham).
Computer analysis. Searches of public databases such as GenBank/EMBL, NBRF-PIR and SWISS-PROT for homologous sequences were performed at the National Center for Biotechnology Information BLAST network server (http ://www.ncbi.nlm.nih.gov/) using the BLAST program (Altschul et al., 1990) . Sequence alignments were performed using CLUSTAL w (Higgins et al., 1992; Thompson et al., 1994) .
Base frequencies and codon usage statistics were calculated using the programs CODONS (Lloyd & Sharp, 1992) and XBBTOOLS (T. Sicheritz-Ponten, Uppsala, unpublished) . Percentage amino acid identities were calculated with the help of the algorithm ALIGN (Myers & Miller, 1988) .
RESULTS AND DISCUSSION
DNA sequence analysis
We analysed sequences derived from a total of 10 fragments from the R. prowaxekii genome covering 52015 bp and corresponding to about 4.7% of the genome (Eremeeva et al., 1993) . The overall G + C content of these fragments was 0-295 (Table l) , in good agreement with the estimated genomic G + C content of 0.29 (Schramek, 1972; Tyeryar et al., 1973) . The possibility that any of the sequence examined was derived from contaminating chicken genomic DNA was excluded on the basis of low overall G + C content of all sequences and the observation that, in all cases but one, the most similar protein sequences to the ORFs within the contigs were derived from bacterial genomes. Within these sequence fragments, we identified 41 ORFs of which 32 were complete with both start and stop signals. One of these, identified as metK, was found to contain an internal UAG stop codon (for discussion, see below). Four ORFs lacked a stop signal and five lacked a start codon because they were located at the 3' or 5' end of the contigs, respectively. The lengths and orientations of the ORFs within their respective sequence contigs is shown schematically in Fig. 1 .
Nucleotide frequencies and amino acid composition patterns
The nucleotide frequencies of all of the ORFs identified here were compared with the nucleotide frequencies determined previously for a reference set of coding and non-coding DNA of R . prowazekii (Andersson & Sharp, 1996) . We found that the G + C content of the ORFs ranged from 24 YO (RPOO1) to 38 '/ O (RP005) with a mean of 30.5 YO (Table 1) . These values were within the range observed for the reference set of coding sequences : 2 5 4 2 % with a mean of 32.5% (Andersson & Sharp, 1996) . Furthermore, in each ORF we observed the characteristic gradient of G + C content values at the three codon positions, with mean values of 41.4, 31-4 and 18-6'/0, respectively. The G + C content at synonymous third codon positions (GC3,) varied between the ORFs from 11 to 21 % (Table l), but this variation was also within the range (12-25 %) determined pre- viously for the reference set of coding sequences (Andersson & Sharp, 1996) . The total number of termination codons identified in these ORFs was 37 and of these, 22 were UAA (59%), 7 were UGA (19%) and 8 were UAG (22%). This distribution of termination codons was in good agreement with previous estimates of termination codon frequencies for the reference set of genes from R. prowazekii. It has previously been shown that the amino acid composition of R. prowazekii proteins has been influenced by A + T mutation bias to an extent that is inversely correlated with the degree of sequence conservation for individual gene families (Andersson & Sharp, 1996) . The ratio of the frequency of amino acids encoded by A + T-rich codons (Asn, Ile, Lys, Phe, Tyr) divided by the frequency of amino acids encoded by G + C-rich codons (Ala, Gly, Pro), AT/GC, is a simple measure of the effect of mutation bias on amino acid amino acid compositions that were typical of R. composition. In Escherichia cofi the AT/GC values for prowazekii proteins, with AT/GC ratios ranging from different genes tend to cluster around 1.0 (Anderson & 1.0 to 5.1 with a mean of 2.7. In summary, the 41 Sharp, 1996) . In contrast, the mean value for the annotated ORFs described here resembled the reference reference set of R. prowazekii genes is 1.8. The ORFs set of R. prowazekii genes with respect to their identified in this study encoded putative proteins with idiosyncratic nucleotide distribution patterns and with respect to the characteristically biased amino acid compositions of their translation products. Accordingly, we suggest that all 41 ORFs are genes. In addition, we analysed sequences located at the terminal regions of the sequence contigs to determine whether or not they were coding or non-coding sequences. The putative, short ORFs thus identified have not been included in Table 1 . In contig Y11781, we found a short ORF of 129 bp immediately downstream of RP034 which, because of its relatively high G + C content and typical base composition pattern (GC3, = O-22), was likely to correspond to the 5' region of a gene. Similarly, we observed a short ORF of 172 bp located upstream of RPOOl but on the opposite strand. Also, for this ORF, base frequencies and composition patterns were as found in other genes of R. prowazekii (GC3, = 0.1 1). Contig Y 11782 overlapped with the previously sequenced contig U02603. There was an annotated ORF of unknown function in contig U02603 located immediately downstream of RP035 in the region overlapping the two contigs. The sequence corresponding to this ORF was annotated as coding DNA in contig Y 11782. The G + C content of DNA segments between genes (intergenic regions) varied from 12.4'/0 (the spacer of RP002 and RP003) to 31.4% (the spacer of RP009 and RPO10) with a mean of 23.5 Yo. This value was similar to, albeit a little higher than, the estimated mean of 21.6 % for the intergenic reference dataset (Anderson & Sharp, 1996) . Nevertheless, the mean G + C content of these sequences was clearly distinguishable from that of coding sequences, which was on average over 30 YO G+C. Overall, the mean G + C content of the regions without identifiable ORFs was found to be 23.6%. The lack of ORFs of any significant length, the low G + C content values and the absence of homologous sequences in the public databases suggested that these sequences correspond to non-coding DNA.
Coding content
Of 52015 bp of sequence data analysed, 42209 bp were found to be located within coding regions and 9806 within non-coding regions (Table 2) . This corresponded to a coding fraction of 81 O/O, which is somewhat higher than the value estimated for the genome as a whole, 60-70% (Anderson & Sharp, 1996; Andersson et al., 1996) . However, individual contigs displayed a high degree of variation in their coding fractions, from 59.2 % in contig Y11780 (9460 bp in total) to 97.3 % in contig Y11779 (5157 bp in total). The low coding fraction of segment Y 11780 was associated with intergenic regions of 1609 and 1720 bp that bracketed the thrS gene. Despite extensive searches, we have been unable to find any homologies between any coding sequences in the databases and these two intergenic sequences. Intergenic DNA of more than 1000 bp in length, lacking ORFs and having base composition patterns characteristic of noncoding DNA have also been observed in other parts of the genome (Andersson et al., 1995) . This suggests that the R. prowazekii genome may be a coding mosaic, with long stretches of non-coding DNA interwoven with regions of high coding density.
Coding information
In a previous comparison of a set of 21 homologous and functionally defined proteins from R. prowazekii and E.
coli, we found that the sequence identity ranged from 25% for the most poorly conserved protein pairs to 75% for the most highly conserved protein pairs (Andersson & Sharp, 1996) . Based on these results we have used a minimum of 25% amino acid sequence identity as a criterion for gene homology.
Contig Y 1 1777 : R. prowazekii rbfA, sucC, SUCD, com 1, smpB, dapA and i/v€ genes and a gene encoding a transcriptional regulator. We associated 8 out of the 10 putative genes in Table 3 . Similarity of R. prowazekii ORF products to proteins in public databases Shazand et al. (1993) ; 2, Buck et al. (1985) ; 3, Hendrix et al. (1993) ; 4, Miczak et al. (1991) ; 5, Chen et al. (1993) ; 6, Kuramitsu et al. (1985) ; 7, Tokito & Daldal (1992); 8, Fleischmann et al. (1995) ; 9, Salvi et al. (1994) Parquet et al. (1989) ; 19, Oguro et al. (1995) ; 20, Uemori et al. (1993). contig Y 11777 with homologous sequences in the public databases (Table 3) . For example, we observed an amino acid identity of 30.2% between RP002 and the Bacillus subtilis protein p15B, which is located immediately downstream of the nusA-in@ operon (Shazand et al., 1993) . In E. coli the gene encoding plSB, rbfA, is located at the end of the nusA-in@ operon (Shazand et al., 1993) and the pl5B protein has been shown to function as a ribosome-binding factor that is essential for maximal growth rates (Dammel & Noller, 1995 gltA-sdhCDAB-sucABCD (Buck et al., 1985) . Four of these, gltA and sdhCDA, have been sequenced previously in R. prowazekii and gltA was found to be located distant from the sdhCDA gene cluster (Wood et al., 1987; Aliabadi et al., 1993 (Buck et al., 1985; Nishiyama et al., 1991; Fleischmann et al., 1995) . In R. prowazekii there was a 162 bp spacer sequence between these two genes.
For RP006, we observed an amino acid identity of 26.0 % with an outer-membrane protein of Coxiella burnetii encoded by the gene coml (Hendrix et al., 1993) . Two cysteine residues that have been shown to be conserved between the gene product of coml and disulfide oxidoreductases (Hendrix et al., 1993) were also conserved in the RP006 protein sequence. RP007
showed 41.6% amino acid identity to the E. coli smpB gene product (Miczak et al., 1991) , and between 35 and 45% identity to the corresponding homologues in a variety of species such as Enterococcus hirae (Shibata et al., 1992) , Neisseria meningitidis (Jennings et al., 1995) , H . influenzae (Fleischmann et al., 1995) , Synechocystis sp. strain PCC6803 (Kaneko et al., 1996) , Mycobacterium tuberculosis (accession no. X70031) and Mycoplasma genitalium (Fraser et al., 1995) . Although the smpB gene has been shown to be expressed in E. coli, its function remains unknown (Miczak et al., 1991) . The presence of the smpB gene in microbial genomes of different phylogenetic affiliations suggests that it encodes an essential protein.
We have previously identified two of the genes involved in the biosynthesis of diaminopimelate (DAP), asd and dapE (Anderson et al., 1996) . In this study, we have identified the gene which encodes the first enzyme in the diaminopimelate biosynthetic pathway, dapA (RP008).
We have previously shown data to suggest that there may be a low frequency of genes involved in amino acid biosynthetic pathways in the R. prowazekii genome (Anderson et al., 1996) . Here, we observed a 33.9% amino acid identity between RP009 and the E. coli ilvE gene product, a branched-chain amino acid aminotransferase. This gene is part of the operon ilvGMEDA in E. coli (Lawther et al., 1979; Kuramitsu et al., 1985) . It remains to be determined whether the genes ilvG, M , D and A are located elsewhere or have been lost from the R. prowazekii genome.
We have putatively identified a gene encoding a transcription regulator (RPO10). For this protein we observed the highest level of amino acid identity to a functionally undefined regulator protein from Rhodobacter capsulatus (40.9 Yo). RPOlO also showed homology to regulatory components of sensory transduction systems, such as the regulatory protein for alkaline phosphatase and phosphodiesterase in B. subtilis (Seki et al., 1987) . The molecular mechanism behind twocomponent signal transduction pathway systems involves transfer of phosphoryl groups from histidine residues in histidine protein kinases (HPK) to aspartic acid residues in their associated response regulators (RR). There is a conserved region of about 100 aa in the response regulator family, with the residues corresponding to Asp-13, Asp-57 and Lys-109 in the CheY sequence being conserved among all the proteins in the family (Stock et al., 1989) . Each of these three key residues were found to be present in RPOlO (data not shown), suggesting that it is a member of the response regulator family of proteins. The presence of such a gene in R. prowazekii is interesting, given the lack of genes for two-component signal transduction systems in the small genome of M. genitalium (Fraser et al., 1995) . 
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* * * * * * * * * . * * . . * * * * , . . * , , * * . * * * STYADSYVLHEYLGEINTGTYFHQFIEKAQKKPFKLLR ____________________-_______-___------ Fig. 2 . Comparison of the deduced amino acid sequences of RP028 and RP034 from R. prowazekii. Symbols beneath the aligned sequences indicate identical residues (*) and sites with conservative replacements (.).
membrane of the erythrocytes is subsequently lysed by phospholipase A, which is thought to stimulate internalization as well as release of the rickettsias from the phagosomes immediately after internalization in competent cells (Winkler & Miller, 1980 , 1982 In metabolically damaged rickettsia, the addition of ATP can supply the energy required to restore haemolysis (Winkler, 1974) . Transport of exogenously added ATP is mediated by an unusual ATP/ADP translocase, which is encoded by the tlc gene (Winkler, 1976; Winkler & Daugthery, 1984; Williamson et al., 1989) . Five ORFs were detected in contig Y11779, but only one of these was similar to sequences in the public databases. For RP02.5 we observed weak similarity to a hypothetical protein from E. coli (33.6%) and to a tellurium resistance protein encoded by terC from Alcaligenes sp. (27.7%). We observed an amino acid identity of 46.0% between RP028 and a second ORF within our dataset, RP034 (Fig. 2) . Neither of these two genes showed any similarity to sequences in the public databases, suggesting that they may be duplicated versions of an ancestral gene that was unique to the Rickettsia.
Contig Y11780: R. prowazekii CydB, ymxG, purC and thrS genes. We observed an amino acid identity of 28.8% between RP029 and the cytochrome d ubiquinol subunit I1 from Azotobacter vinelandii. The similarity was especially good at the termini of the proteins, with identities of 50.8 '/o and 46-2 '/o within the region from aa 51 to 109 and from 341 to 379 in Axotobacter vinelandii, respectively. However, the sequence homology in the middle section of the protein was less impressive with 20.7 '/o identity for aa 110-340 as well as numerous gaps in the middle portion of the alignment. RP031 was homologous to a number of processing proteases from mitochondria as well as from bacteria. Several conserved segments were observed within the proteins from these distantly related genomes, indicating similar gene functions. RP032 was putatively identified as purC, which encodes phosphoribosylaminoimidazole-succinocarboxamide (SAICAR) synthetase involved in nucleotide biosynthesis. There was 49.8% amino acid sequence identity between RP033 and threonyl-tRNA synthetase of H . influenzae. Furthermore, an alignment revealed very well conserved blocks between threonyltRNA synthetase from several prokaryotic and eukaryotic species (data not shown). Accordingly, we suggest that RP033 encodes threonyl-tRNA synthetase.
Contigs Y11781 and Y11782: R. prowazekii RP028-like gene.
Contig Y11781, which was the shortest sequence fragment within our dataset, contained only one complete ORF (RP034). As previously mentioned, we observed a strong homology to another protein within our dataset, RP028 (Fig. 2) . Contig Y 11782 partially overlapped with contig U02603, which was previously deposited in the databases. Within this contig we observed one ORF, RP035, which had an amino acid identity of 39.5 % to a putative serine protease from Rickettsia (Orientia) tsu tsugamus h i .
Contig Y11783: R. prowazekii murF, murE and mfd genes located upstream of dnaA. Contig Y 11783 overlapped with the previously sequenced contig U5.5213, which contained the gene dnaA. A cluster of genes with the order rnpA-rpmH-dnaA-dnaN-recF-gyrB is found in the genomes of E. coli and B. subtilis and is thought to represent the origin of replication in B. subtilis (Ogasawara et al., 1985) . In H. influenxae the same relative order of genes is observed, although four additional genes are located between rpnA-rpmH and dnaA (Fleischmann et al., 1995) . In M . genitalium and Sequence analysis of Rickettsia prowazekii M . pneumoniae the genes rnpA, rprnH, dnaN and gyrB are located near to dnaA but in the reverse orientation relative to the order seen in the other bacterial genomes (Fraser et al., 1995; Hilbert et al., 1996) . In R. prowazekii the genes rnpA and rpmH were not found upstream of dnaA, nor did we find dnaN or gyrB in the vicinity of dnaA. The DnaA protein-binding sequence is repeated four times at the origin of replication in E. coli and is present in nine and four copies upstream and downstream of the dnaA gene of B. subtilis, respectively (Ogasawara et al., 1985) . No similarities to the consensus DnaA-box could be detected upstream of dnaA in R. prowazekii.
Immediately upstream but in the opposite orientation to dnaA, we found a gene with the highest level of sequence similarity to the mfd gene product of H . influenzae. The 5' terminal region of mfd is contained within the previously sequenced contig U5.5213, although it was not annotated as an ORF in the sequence database.
Further upstream of dnaA we found the genes RP036 and RP037 which showed sequence similarity to the murF and murE gene products of E. coli (Table 3) . In E . coli, murE and murF are located in a large gene cluster, mur~-murF-mraY-murD-fts W-murG-murC-ddll3-ftsQ-ftsA-ftsZ-envA, that encodes proteins involved in cell wall biosynthesis and cell division (Yura et al., 1992 ). An identical stretch of genes is seen in the genome of H . influenzae (Fleischmann et al., 1995) . A similar arrangement is also found in B. subtilis (murEmraY-murD-spoVE-rnurG), although in this species the murE gene is not linked to the murF gene (Daniel & Errington, 1993) . In Synechocystis sp. the linkage of murE and murF also appears to be disrupted (Kaneko et al., 1995; Malakhov et al., 1995) . In R. prowazekii the murE gene was linked to murF gene with an intervening spacer region of 106 nt. In E. coli, murE overlaps murF by 4 nt, while the two genes are separated by a spacer of only 17 nt in H . influenzae. In no bacterial genomes are the gene clusters containing the murE and murF genes located near to dnaA or the origin of replication. We conclude that R. prowazekii has a unique arrangement of genes upstream of dnaA. It remains to be determined whether the region surrounding the dnaA gene in R. prowazekii corresponds to the functional origin of replication.
Contig Y11784: R. prowazekii ftsY, polA and metK genes.
Within contig Y11784 we found two ORFs (RP039 and RP040) with sequence similarities to the cell division protein FtsY (Oguro et al., 1995) and DNA polymerase I of Bacillus caldotenax (Uemori et al., 1993) , respectively. The last ORF within this contig had all the characteristics of a gene that was predicted to be actively transcribed and translated as it had a high G + C content (36'/0), a low GC3, value (18.7%) and a low AT/GC ratio (1.5). The relatively small influence of biased mutation pressure on its amino acid composition suggested that this protein corresponded to a gene that was highly conserved among bacteria. Indeed, BLAST searches identified this gene as a homologue of the E. coli gene metK which encodes S-adenosylmethionine synthetase. The two homologues had an amino acid identity of 64-8%, which is the second highest within this dataset.
Internal termination codon in the metK gene
Surprisingly, sequence analysis of the metK gene from two plasmid clones of different sizes and isolated independently of each other (A500 and A217) revealed the presence of an internal termination codon (UAG) at nt 421423. To exclude the possibility that this termination codon was the result of a cloning artefact, we amplified the region surrounding the UAG codon directly from genomic DNA by PCR. Similar size PCR products were obtained when two primers from within the metK gene (nt 313-965) were used in combination with plasmid DNA from clone A500 and with genomic DNA from R. prowaxekii (data not shown). Sequence analysis of the PCR product obtained from genomic DNA confirmed the presence of a UAG termination codon within the metK gene of. R. prowazekii.
To determine whether the potentially defective metK gene located in contig Y 11784 was functionally replaced by a duplicate gene located elsewhere in the R. prowaxekii genome, we performed a Southern blot analysis of R. prowazekii genomic DNA digested with the enzymes DraI, HpaII and SspI (Fig. 3) . To serve as positive control, we also included plasmid DNA from clone A500 digested with the same set of enzymes. In the plasmid digests, the metK probe hybridized to single fragments corresponding to 0. 
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HpaII, DraI and SspI digests, respectively. These sizes are in accordance with the fragment sizes expected from the nucleotide sequence data (870, 1224 and 1949 bp, respectively) . In the genomic digests, we observed hybridization to single fragments of identical sizes to those obtained in the plasmid digests. We conclude that the metK gene is present as a single copy gene located within the fragment corresponding to Y11784 in the R. prowazekii genome. Alignment of the metK gene product from R. prowaxekii with those from six other bacterial and three other nuclear genomes is shown in Fig. 4 . Here, it can be seen that the termination codon was located within a region that was highly conserved among these sequences. For example, the amino acid which was positioned second to the left of the termination codon was isoleucine in seven out of nine protein sequences. Similarly, the alanine next to the termination codon was conserved in eight of these proteins. Further up-and downstream, blocks of conserved sequences were easily recognized (Fig. 4) . The high degree of amino acid conservation adjacent to the termination codon makes it unlikely that two or more frameshift events would account for translational readthrough. Similarly, the high degree of amino acid conservation downstream of the stop codon suggests that it is unlikely that a truncated, functional protein product is being made from the R. prowaxekii metK homologue. Furthermore, we found no sequence resembling to a Shine-Dalgarno sequence upstream of the termination codon, nor any indications of strong secondary structures typical of transcriptional terminators downstream of the UAG stop codon. Thus, the termination codon is either by-passed by an unusual mechanism of translational readthrough, or it has been generated in a recent evolutionary event which has started this gene on a path of devolution. A preliminary survey of other strains of R. prowazekii and other rickettsia1 species suggests that the metK gene is exposed to mutational meltdown in different species independently of each other (J. 0. Anderson, unpublished data). Further studies will help clarify the importance of the termination codon in the metK gene of R. pro waxekii.
Concl us i o n s
The analysis presented in this study has confirmed that codon-position-dependent nucleotide frequency statistics provide a useful quantitative measure to distinguish coding from non-coding DNA. The finding of long stretches of non-coding DNA was consistent with previous estimates of an overall low coding content in the R. prowazekii genome (Anderson & Sharp, 1996;  Andersson et af., 1996). The low overall G + C content of the non-coding regions suggests that they are not functionally constrained and that they are therefore unlikely to encode RNA genes. RNA-encoding genes are highly constrained and characteristically have G + C values in the range of 45-60 % (Muto & Osawa, 1987) . Several examples of disrupted gene order structures were observed in regions that are otherwise highly conserved among microbial genomes, suggesting that the R. prowazekii genome has a highly rearranged gene organization pattern (Anderson & Kurland, 1995 ;  Syvanen et af., 1996). The finding of an internal stop codon in the metK gene raises the intriguing possibility that mutational meltdown is an ongoing process in the R. prowazekii genome. In summary, the results presented provide additional support for the hypothesis that the genome of R. prowazekii has evolved from bacteria with larger size genomes that have been reduced in size and altered in architecture by mutation, recombination and deletion events. 
